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I. INTRODUCTION
Giant magnetocaloric effect (GMCE) is observed in some magnetic materials such as Gd 5 (Si 1Àx Ge x ) and Ni 2 MnGa in the vicinity of the joint magnetostructural phase transitions (PTs) under sufficiently high external magnetic field. GMCE is very attractive from a fundamental point of view in the study of the interaction between subsystems in a solid state body under conditions of magnetic and structural instability. Investigation of GMCE is of an ever growing practical interest, because it is considered a key phenomenon in the development of a new technology of solid state magnetic refrigerators and heat pumps for wide range of applications.
1 High cooling power of such devices can be achieved only at a high frequency of heat transfer cycles and at large amounts of heat (DQ), which can be transferred in one cycle from the cold end to the hot end per unit of mass of the magnetic working body. The maximal frequency depends on the geometry of the working body 2 and the fundamental restrictions on the rate of PT 3 in magnetic material. The transferred heat is expected to be maximal as a result of the additive effect of the magnetic and structural subsystems to the total energy of magnetostructural PT when the two transformation temperatures merge. So far, no reliable information about DQ of the most of promising magnetic materials has been available. The indirect data on DQ, obtained from calculation of magnetic entropy from isothermal magnetization measurements and heat capacity taken from differential scanning calorimetry (DSC) measurements at zero field, are often contradictory. 4 Recently, there has been a growing trend to develop direct experimental techniques for measurement of DQ. [5] [6] [7] [8] [9] In the present work, a new experimental approach was used for the direct measurement of the specific heat transferred DQ when changing the magnetic field under quasiisothermal conditions, 10, 11 and apply a new design of the vacuum calorimeter for simultaneous measurements of both adiabatic temperature change DT and specific heat transferred DQ of magnetic materials, using Bitter coil magnet with fields of up to H ¼ 140 kOe. It was suggested that in Ni 2þx Mn 1Àx Ga Heusler alloys the thermoelastic martensitic and ferromagnetic PT are coupled (i.e., the order-disorder magnetic transition occurs simultaneously with the orderorder crystallographic PT) in the range of compositions x ¼ 0.18À0.20, giving rise to GMCE. This makes the alloys attractive for many applications, 12 though the direct measurements of DQ and DT are still restricted to middle fields (below 20 kOe), not sufficient for complete magnetostructural PT; the reason is that the sensitivity to temperature of magnetostructural PT in Ni 2þx Mn 1Àx Ga Heusler alloys is less than 0.1 K/kOe. 13, 14 The insufficient magnetic fields for complete PT lead to an underestimate of the value of GMCE and ambiguous data. 4, 8, 9 The purpose of the present work was to apply the new direct experimental technique to quantitatively test GMCE in Ni 2. 18 Mn 0.82 Ga Heusler alloy in the fields of Bitter coil magnet up to 140 kOe.
II. EXPERIMENTAL DETAILS
A polycrystalline Ni 2. 18 Mn 0.82 Ga ingot was prepared by conventional arc-melting method in argon atmosphere. The ingot was homogenized at 1073 K for 50 h. The structure of this alloy was studied and reported elsewhere. 15 The thermomagnetic measurements were performed on QD PPMS using a AC/DC Measurement System. Magnetization vs. temperature measurements were carried out in the temperature range from 200 K to 350 K with a rate of change of 1 K/min on sweep mode under different magnetic fields: 50 Oe, 30 kOe, 70 kOe, and 140 kOe ( Fig. 1(a) ). A PT temperature shift of about 0.1 K/kOe was observed under the applied magnetic field. The following protocol (under sweep mode) was used for the magnetization vs. magnetic-field measurements: increasing field up to þ140 kOe, then decreasing down to À140 kOe, then increasing up to þ140 kOe. The increment of the field was about 100 Oe/s at different temperatures in the vicinity of PT (Fig. 1(b) ).
The martensitic PT temperatures and the latent heat during transformation were determined by DSC at heating/cooling rates of 10 K/min. As seen from 
is the thermodynamic equilibrium temperature. 15 For the experimentally determined values of DE ¼ 6340 J/kg and T m ¼ 341 K, the entropy change is equal to DS DSC ¼ 18.6 J/kg K.
The experimental vacuum calorimeter was developed to simultaneously measure DT and DQ magnetocaloric effect under high magnetic fields. Two samples are placed into the calorimeter in order to obtain in one experiment both DT and DQ. The first sample was bulk "sample_1" (for DT) and a smaller plate "sample_2" (for DQ), see Fig. 3 to maintain quasi-isothermal conditions and was placed into the same vacuum chamber. The experimental estimate of the heat transferred DQ from the sample to the block in quasiisothermal conditions was accomplished by measuring DT bthe temperature change of the block when the magnetic field is changed.
10,11 DQ can be calculated as
where C is the specific heat of the block and M b ) m 2 . The temperatures of sample_1 and the tungsten block were measured with the help of platinum thermoresistors PT 1000 under constant current.
The protocol of the experiment was as follows. The vacuum calorimeter was placed into a Bitter coil magnet. The vacuum in the chamber was achieved by a forepump (down to pressure 0.4 Pa). The initial temperature was set with the help of thermo-control system to equilibrium. Then, the magnetic field was turned on at a constant rate of 2.0 kOe/s up to 140 kOe then turned off at the same rate (Fig. 3(b) ). The magnitude of magnetic field was measured by a Hall probe. Corresponding temperature changes of sample_1 and the tungsten block are shown in Fig. 3(b) . Summary data of DT and DQ measurements for the Ni 2. 18 Mn 0.82 Ga alloy in H ¼ 140 kOe are presented in Figs. 4(a) and 4(b) , respectively. A big difference of the DT and DQ values between the 1st and the 2nd cycles of magnetic field application was observed when the initial temperature is between M f and A f . It is connected with residuals of martensitic phase after the 1st removal of magnetic field. The initial temperature must be more than A f in order to avoid such effect in cycle of magnetic refrigeration based.
III. RESULTS AND DISCUSSION
It is important to note that although Heusler alloys of Ni 2 MnGa system have been at the center of attention for almost two decades, thanks to their magnetic-field controlled martensitic transition governing GMCE and shape memory effect, no data on direct measurement of MCE have been published attributed to complete magnetostructural PT by magnetic field. [13] [14] [15] [16] [17] [18] [19] We demonstrate by the direct method that even though a magnetic field, as strong as H ¼ 140 kOe, does not lead to complete PT from paramagnetic austenite to ferromagnetic martensite, the maximal value of heat transferred DQ ¼ 4900 J/kg obtained at 343 K in this field (Fig. 4(b) ) exceeds the highest values reported in previously published works. The fact that the maximal value DQ ¼ 4900 J/kg is less than the latent heat of the alloy L H!L ¼ 6500 J/kg obtained by DSC in zero magnetic field can be explained by the incomplete magnetostructural PT. Following the magnetization data in Fig. 1(a) , we can say, that shift of T m in H ¼ 140 kOe is not big-about 10 K. We apparently need to apply more magnetic fields for inducing complete PT. Incomplete PT can also be responsible for the observation that direct DT measurement shows big irreversibility of magnetostructural PT: the maximal value is DT ¼ 8.4 K when first turning on the magnetic field, but the second time gives a value of 2 K smaller at initial temperature 340 K (Fig. 4(a) ). Even so, the maximal DT and DQ values obtained in the present work are recorded high among other Heusler alloys. Moreover, DQ measured in the present work exceeds any results previously obtained by direct measurements in any other magnetic materials. [5] [6] [7] [8] [9] In this sense, the MCE near the magnetostructural PT in Ni 2. 18 Mn 0.82 Ga alloy deserves the name "giant." Recent direct data of DT and DQ for Gd up to 140 kOe are presented in Ref. 20 . These data may compete with GMCE in Heusler alloy. Apparently, the maximal DT ¼ 8.4 K for Ni 2. 18 Mn 0.82 Ga is less than DT ¼ 17.7 K for Gd. 20 This may be due to the fact that the effective heat capacity of the alloy with magnetostructural PT strongly exceeds the heat capacity for Gd.
It may be concluded that further studies are needed to insure complete magnetostructural PT in order to reveal the full potential of Ni 2 MnGa Heusler alloys as promising magnetocaloric working body for room temperature refrigeration. In general, the direct measurement of DQ and DT using the new technique under sufficiently high magnetic fields will be an important contribution to the knowledge of MCE in a wide variety of magnetic materials being developed by research groups around the world.
